Abstract. We observe that conventional electrically addressable spatial light modulators have different transfer functions along the fast (horizontal) and the slow (vertical) directions. We then propose to use the directionality of a spatial light modulator to increase the performance of a joint transform correlator. Our experimental results show that input spacebandwidth product of a joint transform correlator can be significantly increased by recording a hologram so that interference fringes run along the fast (horizontal) direction of a spatial light modulator.
Introduction
Optical pattern recognition is gaining increased attention and shows great promise due to the recent developments in device technologies including high speed spatial light modulators ͑SLMs͒ and detectors and a new demand from internets and biometrics. The joint transform correlator 1 has some clear advantages over VanderLugt-type correlators 2 because it does not require critical filter positioning, and real-time operation ͑both as an input and as a filter͒ is easier using 3, 4 commercially available low-cost SLMs. However, one of the main factors that have hampered practical uses of a joint transform correlator is the lack of available SLMs that have high enough resolution to record interference fringes formed by an input pattern and a reference pattern. Although the grating period of an interference fringe can be increased by simply increasing the focal length of a Fourier lens, this can result in a bulky correlator and so is not desirable. Also, although optically addressable SLMs with high resolution are available, 5 electrically addressable SLMs are still widely used in optical pattern recognition due to their easier operation and lower cost.
Recently, we observed that the resolution of an electrically addressable SLM is significantly different along the horizontal ͑fast scan͒ and the vertical ͑slow scan͒ directions. In this paper, we utilize the directionality of an electrically addressable SLM to improve the performance of a joint transform correlator in terms of input spacebandwidth product and efficiency.
Directional Dependence of the Resolution "or
Transfer Function… of an Electrically Addressable LC-SLM Figure 1 illustrates the directional dependence of the resolution of an electrically addressable SLM. The structure and the addressing scheme of an LC-SLM are shown in Fig. 1͑a͒ . A serial signal containing one horizontal line is transferred through a shift register along the fast scan ͑hori-zontal͒ direction and is latched when the whole line is in place. The latched line signal is loaded onto the j'th vertical line, which is designated by the vertical addressing signal. In this way, an image pattern is loaded line by line from top to bottom along the slow scan ͑vertical͒ direction. The phenomena of the directional dependence of the resolution of an SLM is sketched in Figs. 1͑b͒ and 1͑c͒ . A vertical grating shown in Fig. 1͑b͒ is blurred along the fast scan ͑horizontal͒ direction. Such a blur along the fast scan direction is attributed to the limited response time of the driver electronics and the liquid crystal. On the other hand, a horizontal grating in Fig. 1͑c͒ has clear boundaries because the addressing is achieved at a much slower rate along the vertical direction and the blur occurring along the fast scan direction does not affect the grating.
Experimental Results to Characterize the Directional Dependence of Resolution
Three different types of liquid crystal ͑LC͒ SLMs are used for this experiment. † These are denoted as type I, II and III SLMs. Type I and II SLMs were manufactured by the same company and type III was by a different company. The type I SLM has 640ϫ480 pixels within a display area of 15.36 ϫ11.52 mm, and each pixel has an aspect ratio of 1:1 ͑24ϫ24 m͒. The type II SLM has 320ϫ240 pixels with an active display area of 4.8ϫ3.6 mm and a pixel pitch size of 15ϫ15 m. The type III SLM has 800ϫ600 pixels, and each switchable area is 26ϫ24 m. Figs. 2͑a͒ and 2͑b͒ , respectively. In the case of these large-period gratings, both image patterns are displayed faithfully regardless of orientation.
However, when the grating period is small ͑2 pixels͒, as in Figs. 2͑c͒ and 2͑d͒, the shape of the vertical grating ͓Fig. 2͑c͔͒ is significantly smeared along the fast scan direction and so the grating pattern is not easily recognizable. On the other hand, the horizontal gratings shown in Fig. 2͑d͒ has a clear pattern with high contrast.
Figures 2͑e͒ and 2͑f͒ are grating patterns obtained for a type III SLM with a grating period of 4 pixels. As expected, the vertical grating ͓Fig. 2͑e͔͒ is smeared along the fast scan direction, while the horizontal grating ͓Fig. 2͑f͔͒ is sharply defined.
To confirm reproducibility of the results, we tested three separate type I SLMs that were purchased at different times over the past 2 yr. All three type I SLMs consistently showed similar directional dependence, as shown in Figs. 2͑a͒ to 2͑d͒. In a separate experiment, such a directionality was clearly confirmed for type II SLMs also. The type III SLM showed directionality reproducibly, unless special care was taken in selecting electronic video drivers. Figure 3͑a͒ shows an experimental setup for measuring the transfer function of an SLM. An input pattern with various frequencies and orientations is generated by a computer, displayed on the SLM, and Fourier transformed by lens L 1 ( f ϭ25 cm). A detector located at the focal plane detects the intensity of the first-order and zeroth-order diffracted beams. Diffracted efficiency ͑͒ is defined as the intensity ratio of the first order with respect to the zerothorder beam. Figure 3͑b͒ shows diffraction efficiency ͑͒ as a function of grating period ͑⌳ in pixels͒ for two different grating orientations ͑horizontal fast-scan and vertical slow-scan directions͒. As can be seen in the Figure, the horizontal gratings show high response over a broad range of grating periods, even up to the highest frequency of ⌳ϭ2 pixels, while vertical gratings have poor efficiency at small grating periods.
Application of the Directionality of an SLM to Joint Transform Correlation
The significant difference in the transfer function of an SLM between the horizontal and vertical directions can be efficiently used to improve the performance of a joint transform correlator ͑JTC͒. To prove the concept of the idea experimentally a JTC was built, as shown in Fig. 4 . Light from a 5 mW He-Ne laser is expanded and the collimated beam is divided into two parts by a beamsplitter: the first part illuminates SLM-1, and the second part illuminates SLM-2. Both the input and reference patterns are located side by side in the input plane on SLM-1. The holographic interference pattern of their Fourier spectra is detected by CCD-1. The NTSC video output from CCD-1 is converted to a VGA signal and is loaded onto SLM-2. The Fourier transform ͑F.T.͒ of the hologram recorded on SLM-2 is detected by CCD-2 to obtain the correlation. To measure output over a broad dynamic intensity range, a variable attenuator is located in front of CCD-2. Figure 5 shows the correlation outputs obtained from the system. To compare correlation performance along the two different directions, three images of the same fingerprints are arranged as shown in Fig. 5͑a͒ , each separated by the same distance (Dϭ143 pixels) along both the horizontal and vertical directions. Figure 5͑b͒ shows the correlation output. As expected, the correlation bright spot is much stronger along the vertical direction than along the horizontal direction. This result clearly demonstrates that our idea of orienting SLM-2 so that the grating runs along the fast horizontal direction works well. Figure 6 shows the intensity of the autocorrelation peak outputs as a function of grating period of a hologram, which is inversely proportional to the distance ͑D͒ between an input pattern and a reference pattern in the input plane. As shown in the figure, the orientation of the fast scan direction of an SLM along the grating direction ͑marked with triangles͒ renders significantly better performance than that for the orthogonal direction ͑marked with circles͒. Note that the discrepancy between these results and those shown in Fig. 3͑b͒ is attributed to the phase nonuniformity of the SLMs and the limited resolution of CCD-1.
Analysis
The transfer function of an SLM is related to the usable input space-bandwidth product ͑SBP͒ of a JTC. Assume that the spatial widths of an input and a target are W 1 and W 2 , respectively, and the two are separated by distance D in the input plane. As D increases, the grating period of the interference pattern becomes shorter and eventually becomes limited by the maximum resolution of an SLM-2. 
Conclusion
We quantitatively characterized the differences in the transfer function of an SLM along both fast ͑horizontal͒ and slow ͑vertical͒ scan directions. Based on this result, we proposed and demonstrated that the performance of a JTC can be significantly improved by arranging the input and reference images along the vertical direction of an SLM so that the holographic grating is oriented along the horizontal ͑fast scan͒ direction. In this simple demonstration, both inputs ͑an input and a target͒ are separated vertically, and all the SLMs and CCDs are oriented along the conventional direction-longer dimension along the horizontal direction-to ensure that the holographic grating runs along the horizontal ͑fast scan͒ direction of the second SLM. Alternately, the inputs can also be arranged horizontally side by side and CCD-1 can be rotated by 90 deg from the conventional arrangement, so that the grating direction in the second SLM is along the fast scan direction.
